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Abstract
We investigate the acousto-electric transport induced by surface
acoustic waves (SAWs) in epitaxial graphene (EG) coated by a MgO/ZnO
film. The deposition of a thin MgO layer protects the EG during the
sputtering of a piezoelectric ZnO film for the efficient generation of
SAWs. We demonstrate by Raman and electric measurements that
the coating does not harm the EG structural and electronic proper-
ties. We report the generation of two SAW modes with frequencies
around 2 GHz. For both modes, we measure acousto-electric currents
in EG devices placed in the SAW propagation path. The currents
increase linearly with the SAW power, reaching values up to almost
two orders of magnitude higher than in previous reports for acousto-
electric transport in EG on SiC. Our results agree with the predictions
from the classical relaxation model of the interaction between SAWs
and a two dimensional electron gas.
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1 Introduction
Surface acoustic waves (SAWs) are elastic vibrations propagating along the
surface of a solid [1] with typical wavelengths ranging between 0.1 and
10 µm [2, 3]. If the propagation medium is piezoelectric, then the strain
wave is accompanied by a dynamic electric field with the same frequency
and wavelength as the elastic vibrations [4]. Both piezoelectric and strain
fields have been long employed to manipulate elementary excitations in low-
dimensional heterostructures placed either below the surface of a semicon-
ductor [5, 6, 7, 8, 9, 10, 11, 12, 13], or on the surface of a piezoelectric
insulator [14, 15, 16, 17, 18, 19]. If the heterostructure contains a two-
dimensional electron gas, then a SAW traversing it experiences attenuation
and a shift of its propagation velocity [20, 21, 22]. Simultaneously, due to
the acousto-electric effect [23], a fraction of the energy lost by the SAW is
transferred to the free carriers, generating electric currents in the conductive
medium [24, 25, 26, 27, 28].
Recently, the interaction of SAWs with graphene has attracted increasing
interest. Since the experimental demonstration of graphene in year 2004 [29],
its peculiar mechanical and electronic properties have made it a very promis-
ing candidate for applications in areas like flexible electronics, biological en-
gineering, composite materials and even for optical electronics and photo-
voltaics [30]. Graphene consists of a single layer of carbon atoms forming a
honeycomb lattice. Contrary to conventional two-dimensional heterostruc-
tures, this atomic configuration leads to a linear energy dispersion around
the charge neutrality point. As a consequence, the charge carriers contained
in graphene behave as a two-dimensional gas of relativistic Dirac fermions.
The question arises whether SAWs can also be an efficient mechanism for ma-
nipulation of this kind of particles in graphene-based devices. This question
has been addressed in theoretical studies about the coupling of SAWs to the
graphene Dirac fermions [31, 32, 33, 34]. In addition, functionalities based
on the combination of SAWs and graphene have recently been demonstrated
in graphene mechanically transferred to a piezoelectric substrate. Examples
are the generation of SAW-induced electric currents [35, 36, 37, 38, 39, 40],
the fabrication of SAW delay lines including graphene interdigitated trans-
ducers [41, 42], SAW amplification by DC-voltages applied to graphene films
placed on the SAW path [43], and the demonstration of gas and light sensors
based on the coupling of SAWs and graphene [44, 45, 46, 47].
For future commercial applications, however, it is desirable the demon-
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stration of these functionalities in material combinations that make possible
large scale fabrication at relatively low cost. From this point of view, epi-
taxial graphene (EG) on SiC is a promising candidate, because it allows the
formation of large area graphene layers by Si sublimation from the SiC sur-
face [48, 49]. Furthermore, as the EG layers are prepared directly on an
insulating substrate, they can be processed straight away into devices using
conventional planar fabrication techniques. Due to the weak piezoelectricity
of SiC, a strong piezoelectric film must be included for the efficient gen-
eration of SAWs and to enhance the acousto-electric coupling between the
SAW and the electron gas in graphene. Recently, we have demonstrated
acousto-electric currents in EG on SiC [50, 51] using ZnO as piezoelectric
layer. To avoid the damage of the graphene during the sputtering of ZnO, an
hydrogen-silsesquioxane (HSQ) interlayer was placed on top of the EG prior
to ZnO deposition. Although the HSQ coating fulfilled its protective role,
we also observed a significant decrease in the EG carrier mobility [51]. This
is deleterious for devices based on the acousto-electric interaction, because
the intensity of the acousto-electric current depends directly on the mobility
of the free charge carriers [28]. Therefore, the use of protective layers that
also preserve the graphene electronic properties is a key issue towards the
efficient exploitation of acousto-electric devices in EG on SiC.
In this contribution, we report on the generation of acousto-electric cur-
rents in ZnO-coated EG using a thin film of MgO as protective layer. MgO
has been identified as a promising insulator in graphene-based devices, e.g.
as efficient tunnel barrier between graphene and ferromagnetic layers for spin
injection [52, 53, 54, 55]. In addition, the growth of atomically smooth MgO
on graphene by molecular beam epitaxy has also been demonstrated [56, 57].
We confirm by Raman spectroscopy and electric characterization that both
the structural and electronic properties of the EG are preserved after deposi-
tion of the MgO and ZnO top layers. The acoustic response of the interdigital
transducers (IDTs) placed on the ZnO demonstrates the generation of two
SAW modes with different propagation velocities. We show that both SAW
modes induce acousto-electric currents in EG structures patterned in the
SAW propagation path, and that the current densities are about one order
of magnitude larger than the best values measured in our previous devices
using HSQ as protective layer [51]. Finally, the dependence of the acousto-
electric current on the applied SAW power agrees well with the behavior
expected from the relaxation model of the acousto-electric effect.
We have organized the manuscript as follows. Section 2 describes the
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fabrication of the acousto-electric devices. Section 3 presents the structural,
electrical and acoustic characterization of our samples, as well as the acousto-
electric currents measured in the EG. The intensity of the SAW-induced
currents is discussed in Section 4 in the frame of the relaxation model of the
interaction between SAWs and a two dimensional electron gas. We conclude
the manuscript by summarizing our results in Section 5.
2 Sample fabrication
We show in Fig. 1 a sketch of the fabrication steps of our devices. First,
monolayer EG was synthesized on a 10×10 mm2 4H-SiC(0001) substrate by
silicon sublimation [49, 58, 59]. To characterize the electronic properties of
the EG layer, we performed Hall resistance measurements at room temper-
ature using the van der Pauw method. For the sample discussed here, we
obtained µ = 825± 1 cm2 V−1 s−1 and n = 3.490× 1012± 0.002× 1012 cm−2
for the mobility and carrier density, respectively. The sample was then pat-
terned into stripes of w = 10 µm width and several lengths by oxygen plasma
etching, followed by the evaporation of Ti/Au pads for electric contact, cf.
Fig. 1.1. Next, the sample was placed in an ultra-high vacuum chamber,
where we deposited a poly-crystalline MgO layer of dMgO = 15 nm thick-
ness. This was done at a substrate temperature of 350◦C by sublimation
of pure Mg and providing molecular oxygen, hence allowing for a precise
control of stoichiometry and growth ratio. As MgO is a non-piezoelectric
material, we selected a thickness that was thin enough to assure the strong
coupling of the top piezoelectric ZnO layer with the graphene free charges.
In addition, it was thick enough to protect the graphene structures during
the sputtering of the dZnO = 350 nm-thick ZnO film, cf. Fig. 1.3. The tem-
perature and gas pressure conditions of the sputtering process ensured that
the c-axis of the ZnO crystallites are predominantly oriented perpendicular
to the sample surface, which guarantees the piezoelectricity required for the
efficient SAW generation. As can be seen from our numerical simulations
displayed in Fig. 2(a), the thickness of the ZnO layer was selected in order
to obtain the largest acousto-electric coupling coefficient, K2eff , of the funda-
mental Rayleigh mode, R1, for the SAW wavelength used in our experiments,
λSAW = 2.8 µm. In addition, this thickness also allows the generation of a
second, high velocity Rayleigh mode, R2. This behavior is characteristic of
multilayer structures, where the acoustic velocity of the top film is much
4
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ZnO by sputtering IDTs deposition and oxide etching
Ti/Au
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Figure 1: Steps of sample fabrication. (a) Selective etching of graphene (dark
grey stripes) on SiC (light blue) and contact metalization (yellow squares).
(b) Deposition of poly-crystalline MgO film (dark blue) in ultra-high vac-
uum chamber. (c) Sputtering of piezoelectric ZnO (green) layer on top of
MgO. (d) Patterning of interdigital transducers (IDTs, light grey) by optical
lithography, and etching of the MgO/ZnO bilayer on the graphene electric
contacts. The figures are not to scale.
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lower than that of the substrate, like ZnO on SiC [60].
The SAWs were generated by IDTs deposited on the ZnO layer by photo-
lithography and metal evaporation, cf. Fig. 1.4. Each IDT consists of 150
finger pairs with λSAW = 2.8 µm periodicity, 50% metalization ratio and an
aperture of wIDT = 50 µm. The length of the SAW delay lines, xDL, defined
as the distance between the centers of each pair of IDTs (c.f. Fig. 1), ranges
from 1500 µm to 1700 µm. Finally, selective etching of the MgO/ZnO layer
on the gold pads areas allowed the electric contact to the EG stripes.
3 Experimental Results
3.1 Graphene characterization
We used Raman spectroscopy to investigate the structural quality of our EG
after the deposition of the MgO/ZnO bilayer. The black curve in Fig. 3 dis-
plays the Raman spectrum of as-grown graphene obtained using a 473 nm
laser source. It shows the expected G and 2D peaks at 1593 cm−1 and
2730 cm−1, respectively. The red curve displays the Raman spectrum af-
ter coating the EG with the MgO film, while the blue curve corresponds to
the measurement taken after the sputtering of the ZnO layer. Apart from a
slight blue shift of the G line of about 4.3±3.0 cm−1, there are no significant
differences between the spectra. The D peak around 1365 cm−1, which pro-
vides information about the presence of defects in the EG layer [61], has a
very low intensity, and thus remains in all cases hidden in the multi-line trace
characteristic of the buffer layer that typically forms between the EG and the
SiC substrate [62]. In addition, mappings of the G and 2D lines across the
EG stripes confirm that, after the sputtering process, the graphene is still
continuous, without the presence of holes and cracks. This demonstrates
that (i) the deposition of MgO did not degrade the EG quality, and (ii) the
MgO layer protected the underlying graphene from being damaged during
the sputtering of ZnO.
We probed the electronic properties of our coated graphene by measuring
the performance of field-effect transistors (FETs) patterned on the sample.
The FETs consist of 14 µm-long graphene stripes acting as the electronic
channel between source (S) and drain (D). The MgO/ZnO layers serve as
the dielectric medium for the application of the top gate (G) voltage (see
inset of Fig. 4) via a 10 nm-thick titanium layer evaporated on top of the
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Figure 2: (a) Numerically simulated acousto-electric coupling coefficient,
K2eff , as a function of the ratio between the ZnO thickness, dZnO, and SAW
wavelength, λSAW. In the simulation, the thickness of the MgO layer and
SAW wavelength were kept constant at dMgO = 15 nm and λSAW = 2.8 µm,
respectively. The black curve corresponds to the first Rayleigh mode, R1.
The red curve represents the results for the second Rayleigh mode, R2,
which appears for ratios dZnO/λSAW ≥ 0.125. (b) SAW phase velocity, vSAW,
as a function of dZnO/λSAW. The right scale displays the SAW frequency
f = vSAW/λSAW. In both panels, the dashed line indicates the nominal
dZnO/λSAW ratio used in our device, while the dotted line corresponds to
the value at which the calculated SAW frequencies better agree with the
measured ones.
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Figure 3: Raman characterization of pristine EG on SiC (black curve), as
well as after deposition of MgO (red curve), and ZnO (blue curve). The
contribution of the SiC substrate to the Raman signal has been subtracted
in all cases. The curves are normalized and vertically shifted for clarity.
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Figure 4: Conductivity of EG measured at room temperature (black squares)
and at 80 K (blue triangles) as a function of the gate voltage, VG, applied to
the field-effect-transistor displayed in the inset. The lines are linear fits to
the data.
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ZnO areas covering the graphene stripes. Figure 4 shows the dependence of
the graphene sheet conductivity, σ, on the voltage bias applied to the top
gate, VG. It was estimated by measuring the source-drain current, ISD, as
a function of the source-drain voltage, VSD, for each value of VG at both
room temperature (black squares) and at 80 K (blue triangles). The linear
dependence of σ within the applied range of gate voltages agrees well with
the Drude prediction σ = neµ. Here, µ is the EG carrier mobility, e is the
electron charge, and n = (VG − V0) × C/e is the electronic carrier density.
The latter is proportional to the gate capacitance per unit area, C, and to
the difference between the applied gate voltage and the value at which the
graphene reaches the carrier neutrality point, V0. The increase of σ for VG ≥ 0
indicates that graphene is n-doped, as expected for monolayer graphene on
the Si face of SiC [63].
From the slope of σ(VG), we estimated the field effect mobility of our
MgO/ZnO capped graphene devices according to:
µ = C−1
dσ
dVG
, (1)
where C = 19 nF/cm2 was calculated from the thickness of the dielectric
layers as:
C = ε0
[
dMgO
εMgO
+
dZnO
εZnO
]
−1
. (2)
Here, ε0, εMgO = 9.8 and εZnO = 7.9 are the vacuum permittivity and the
relative permittivities of the MgO and ZnO layers, respectively [64]. We
obtain a carrier mobility of µ = 2970±120 cm2 V−1 s−1 at room temperature,
and 3890 ± 100 cm2 V−1 s−1 at 80 K. These values demonstrate that the
presence of the MgO layer does not deteriorate the electronic properties of
the EG. The enhancement of µ as the temperature decreases is consistent
with the main mechanism limiting the carrier mobility of EG on SiC at
room temperature, namely electron-phonon scattering mediated by the buffer
layer [65, 66]. From σ at VG = 0 and the calculated carrier mobility, we
estimate a carrier density n = σ/(eµ) ≈ 1.2 × 1012 ± 0.1 × 1012 cm−2. The
lower carrier density and higher mobility with respect to the values obtained
in the pristine EG could suggest a certain degree of hole doping by the MgO
layer.
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3.2 SAW generation and transmission
To study the SAW generation and propagation efficiency in our multilayered
structure, we have measured the rf-power reflection and transmission scatter-
ing coefficients, s11 and s21, for the delay line in Fig. 1(d), consisting of IDT1
and IDT2. The black curves of Figs. 5(a) and 5(b) display the magnitude
of the frequency resolved s11 spectra for the two SAW Rayleigh modes gen-
erated by the IDTs, with frequencies fa = 1.904 GHz and fb = 2.401 GHz.
This is in agreement with our simulations of SAW velocities and frequencies
displayed in Fig. 2(b) for the multilayer structure. Both modes correspond to
SAWs with the wavelength of the IDT, λSAW = 2.8 µm, but different phase
velocities va = λSAWfa = 5331 m/s and vb = λSAWfb = 6723 m/s. The slight
discrepancy between simulated and experimental values are probably related
to small differences in the nominal layer thicknesses and acoustic properties
used in the simulations with respect to the real ones.
The observed acoustic modes can be reproduced by the numerical sim-
ulation of the s parameters, cf. Figs. 5(c) and 5(d). These were obtained
by using a finite element approach [67, 68] that simulates a two-dimensional
x− z cross-section of the delay line in Fig. 1(d) (x corresponds to the SAW
propagation direction, and z to the sample depth). In our calculations, we
used the same layer thickness, finger periodicity and metalization ratio of the
IDTs as in the real sample. To make the problem numerically tractable, we
reduced the number of finger pairs to 20 and the length of the SAW delay line
to just 25 λSAW. Our simulations reproduce well the two frequency modes,
and the fact that the acousto-electric efficiency of the high frequency mode is
stronger than that of the low frequency one (this is reflected in the larger s11
dip of fb with respect to the one of fa). The wider resonance width observed
in the calculations is due to the smaller number of finger pairs with respect
to the real case [3]. We also observe a small blue-shift of the calculated res-
onances with respect to the experimental ones, which we attribute to slight
discrepancies in the nominal thicknesses and material properties used in the
calculation with respect to the real ones.
Figure 5 also displays the experimental and simulated s21 spectra of the
two SAW modes (red curves). The experimental data were acquired using
time-gate filtering to reject the contribution of the rf cross-talk between the
IDTs. We observe that the amplitude of the measured transmission peaks is
much weaker than that of the simulated data. Although a certain degree of
SAW attenuation is expected due to the acousto-electric coupling between
11
1.8 1.9 2.0
-100
-90
-80
-5
-4
-3
-2
-1
0
Experiment
s 1
1,
 
s 2
1(d
B)
Frequency (GHz)
s11
s21
1.8 1.9 2.0
-60
-40
-20
-0.4
-0.2
0.0
0.2
0.4
s 1
1,
 
s 2
1(d
B)
Frequency (GHz)
Simulation
s11
s21
2.2 2.3 2.4 2.5 2.6
-60
-40
-20
-2.0
-1.5
-1.0
-0.5
0.0
0.5
s 1
1,
 
s 2
1(d
B)
Frequency (GHz)
Simulation
s11
s21
2.2 2.3 2.4 2.5 2.6
-100
-90
-80
-5
-4
-3
-2
-1
0
s 1
1,
 
s 2
1(d
B)
Frequency (GHz)
Experiment
s11
s21
(a) (b)
(c) (d)
Figure 5: Measured power reflection and transmission coefficients, s11 and
s21, respectively, for the two SAW modes generated by the IDT: (a) fa =
1.9 GHz, and (b) fb = 2.4 GHz. Panels (c) and (d) show the corresponding
numerical simulations. Note the different vertical scales for the s11 coeffi-
cients.
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SAWs and graphene stripes patterned along the delay line, we show in Sec-
tion 4 that it is not strong enough to account for the observed results. We
attribute the low intensity of the s21 spectra to (i) differences in the reso-
nant frequency and acousto-electric efficiency of the two IDTs in the delay
line, and (ii) SAW attenuation due to dispersion and/or absorption along the
propagation path. To quantify this effect, we proceed as follows: the SAW
power leaving IDT1 towards IDT2, PSAW, results from the acousto-electric
conversion efficiency, α1, of the nominal rf-power applied to IDT1, Pin, which
can be estimated for each SAW mode by applying the following expression
to Figs. 5(a) and 5(b):
α1 =
PSAW
Pin
=
1
2
[
10s
(non−res)
11 /10 − 10s
(res)
11 /10
]
. (3)
Here, s
(res)
11 and s
(non−res)
11 are the s11 coefficients measured at the resonance
frequency and away from it, respectively. The factor 1/2 accounts for the fact
that the IDT launches two acoustic beams in opposite directions. In an ideal
acoustic delay line, the SAW power leaving IDT1 arrives to IDT2 without
losses, where a fraction is transformed back into rf-power, Pout = α2PSAW.
As an IDT is a passive device, the conversion efficiency α2 from SAW to rf is
the same as from rf to SAW [3], and therefore it can be calculated for IDT2
applying Eq. 3 to s22. Therefore, s
⋆
21 = 10 log(Pout/Pin) = 10 log(α1α2) is the
expected transmission coefficient for the delay line in the absence of SAW
attenuation. For the case discussed in Fig. 5, it gives s⋆21(fa) ≈ −41 dB and
s⋆21(fb) ≈ −26 dB. The values acquired by our network analyzer, however,
are s21(fa) = −88 dB and s21(fb) = −76 dB. We attribute this difference
to SAW attenuation while it travels along the delay line. We account for
this attenuation by assuming that s21 = 10 log[α1 exp (−ξxDL)α2], where ξ
is the SAW attenuation rate during propagation. Using these suppositions,
we obtain ξa = 7.2× 10
−3 µm−1 and ξb = 7.6× 10
−3 µm−1 for each acoustic
mode.
3.3 SAW-induced electric current
We have measured the acousto-electric current, Iae, induced by the SAWs in
four graphene stripes, each of them placed at the acoustic path of a differ-
ent SAW delay line in the sample. For each graphene stripe, we recorded
the electric current with a Keithley 2602 multimeter while scanning the fre-
quency, f , and power, Pin, of the rf-signal applied to one of the IDTs of the
13
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Figure 6: Acousto-electric current, Iae, measured in a graphene stripe as a
function of the rf-frequency applied to the IDT. The experiment was per-
formed for frequencies around the SAW modes (a) fa = 1.9 GHz, and (b)
fb = 2.4 GHz, and for several nominal input rf-powers, Pin.
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corresponding delay line. Figure 6(a) displays Iae for one of the tested stripes,
measured over the frequency range of fa. For each value of Pin, there is a
clear current peak when f coincides with the resonant frequency of the IDT.
In addition, the amplitude of this current peak increases with Pin, reaching
Iae ≈ 10 nA for the largest rf-power used in our experiment. This corre-
sponds to a linear current density jae = Iae/w = 10
−3 A/m, which is one
order of magnitude larger than the values achieved in our previous samples,
where we had used the same IDT design and nominal thickness of the ZnO
film, but HSQ as protective layer [51]. We attribute this enhancement of Iae
under similar frequency and power of the rf applied to the IDT to the better
electronic properties of EG coated by MgO with respect to the one coated
by HSQ: while the carrier mobility in our current device is about 3000 cm2
V−1 s−1, it was only 100 cm2 V−1 s−1 in the devices using HSQ.
Figure 6(b) displays the results obtained for the same values of Pin as in
panel (a), but now scanning the rf-frequency around fb. For each value of Pin,
the amplitude of the acousto-electric current measured at fb is always larger
than the acquired at fa, obtaining Iae ≈ 25 nA for the largest Pin applied.
We attribute this to the fact that, as already discussed in Fig. 5, the SAW
generation efficiency of the IDTs in our SiC/MgO/ZnO multilayer is better
for the fb than for the fa mode. Again, this result is an improvement with
respect to the previous devices using HSQ, where no acousto-electric current
was observed for this SAW mode.
4 Discussion
According to the relaxation model of the acousto-electric effect [26, 28, 36],
the interaction between a SAW and a two-dimensional electron gas placed
close to the surface induces an acousto-electric current density, jae, which
can be expressed as:
jae = −µ
pSAW
vSAW
Γ2D. (4)
Here, µ is the carrier mobility, vSAW the SAW velocity, pSAW = PSAW/wIDT
the linear SAW power density, and Γ2D is the SAW attenuation rate due to the
interaction of the SAW with the charge carriers of the two-dimensional gas.
This model has been successfully applied to SAW-induced acousto-electric
currents in graphene mechanically transferred to the surface of a LiNbO3
15
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Figure 7: Amplitude of the acousto-electric current, Iae, and its correspond-
ing current density, jae, as a function of the SAW linear power density, pSAW,
for the acoustic modes (a) fa = 1.9 GHz, and (b) fb = 2.4 GHz. The sym-
bols correspond to devices A (red circles), B (green up triangles), C (blue
down triangles), and D (violet diamonds). The open black squares are from
Ref. [51]. The solid lines are fits to the data. The dashed and dot-dashed
lines correspond to the theoretical predictions according to Eq. 4 for the
present devices and for the one from Ref. [51], respectively.
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substrate [35, 36, 37, 40]. In our experiment, the EG is not at the top of the
piezoelectric layer, but at a depth d = dZnO + dMgO = 365 nm with respect
to the sample surface. However, as d/λSAW = 0.13 ≪ 1, most of the SAW
still extends into the region below the EG, and thus we expect the model to
be also a good approximation for our MgO/ZnO coated graphene on SiC.
To test the validity of Eq. 4, we take into account that Γ2D depends on
the graphene electric conductivity σ according to [21]:
Γ2D = K
2
eff
pi
λSAW
σ/σM
1 + (σ/σM )
2 , (5)
where σM = vSAWε0 (εSiC + εMgO) is a characteristic conductivity that de-
pends on the SAW velocity and the dielectric constants of the layers directly
below and above the graphene layer, εSiC ≈ εMgO = 9.6 in this case. In our
sample, σ/σM ∼ 500 for both Rayleigh modes. Therefore, Γ2D ∝ σM/σ and
Eq. 4 can be approximated as:
jae ≈ −µpiK
2
eff
ε0 (εSiC + εMgO)
λSAWσ
pSAW. (6)
This means that, in our experimental regime, the amplitude of the acousto-
electric current depends essentially on K2eff and the SAW power generated by
the IDT, but not on the SAW velocity.
We have summarized in the log-log scale of Fig. 7(a) the experimen-
tal values of Iae, and their corresponding current density, jae, measured at
fa for the four tested graphene devices as a function of the SAW power
density, pSAW, acting on the device. The latter was estimated as pSAW =
αPin exp(−ξax0)/wIDT, where α is the electro-acoustic conversion efficiency
of the IDT used in each case, and exp(−ξax0) accounts for the SAW attenua-
tion along the distance between the IDT output and the center of the tested
graphene stripe, x0. Figure 7(b) shows the corresponding results for the case
of fb. Except for mode fa of device D, the slope of the linear fits to the
data (solid lines) approaches unity in all cases, thus confirming the linear
dependence of jae with respect to pSAW predicted by Eq. 4. For both SAW
modes, we also observe a spread in the values of jae measured in different
graphene devices, which we attribute to fluctuations in their electronic prop-
erties. However, in spite of these fluctuations in the electronic quality, the
acousto-electric current densities are always larger than the ones reported in
our previous device using HSQ as protective layer (displayed in Fig. 7(a) as
open squares), thus confirming the better quality of the EG coated by MgO.
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We have also calculated the values of jae expected from Eq. 6 for each
SAW mode. To do this, we used the graphene carrier mobility and electric
conductivity at room temperature from Eq. 1 and Fig. 4, respectively. We
estimated K2eff by numerically solving the coupled mechanical and electro-
magnetic differential equations of a λ = 2.8 µm SAW propagating along our
multilayer, and comparing the velocity difference between SAWs propagat-
ing along a short-circuited or open-circuited top surface [3]. The results are
K2eff(fa) = 0.314 % and K
2
eff(fb) = 1.04 %, cf. Fig. 2(a), in qualitative
agreement with the experimental data of Fig. 5, where the generation effi-
ciency of the fb mode is stronger than the fa mode. We have displayed the
theoretical prediction of jae as dashed lines in Fig. 7, obtaining a reasonable
agreement in the order of magnitude with the experimental results.
Using Eq. 5, we have estimated Γ2D and compared it with the attenuation
rates ξa and ξb obtained in Section 3.3. We obtain Γ
(a)
2D = 6.4 × 10
−6 µm−1
and Γ
(b)
2D = 27 × 10
−6 µm−1 for SAW modes fa and fb, respectively. Taking
into account the length and number of graphene stripes placed along the
delay line, the attenuation due to the acousto-electric effect is expected to
be less than 0.05 dB, far too low to account for the attenuation values dis-
cussed in Section 3.3. The mechanisms responsible for SAW attenuation in
our sample must therefore be independent of the presence of EG. Its origin
could be related e.g. to a stronger acoustic scattering by the MgO and ZnO
crystallites than originally expected. A better understanding of this will re-
quire additional SAW characterization e.g., interferometric mapping of the
SAW field [69], which goes beyond the scope of this manuscript.
Finally, we have compared the acousto-electric performance of our devices
based on epitaxial graphene on SiC with the ones based on CVD graphene
transferred to the surface of a strong piezoelectric substrate like 128◦ Y-cut
LiNbO3. To do this, we have displayed in Fig. 8 the amplitude of jae as a
function of pSAW for our device shown in Fig. 6 (red circles), together with the
values estimated from References [35] (blue stars) and [36] (black squares)
for the case of transferred graphene. It is remarkable that the three set of
data follow a similar linear dependence, which means that the performance of
our devices is comparable to the ones based on transferred graphene. We at-
tribute this to the fact that the weaker piezoelectricity of the SiC/MgO/ZnO
structure compared to that of the LiNbO3 substrate is compensated in our
devices by their better carrier mobility and larger working SAW frequencies.
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Figure 8: Acousto-electric current density, jae, as a function of the SAW
power density, pSAW, for the two SAW modes of the device in Fig. 6 (red
solid and open circles for fa=1.9 GHz and fb = 2.4 GHz, respectively), and
for graphene transferred to LiNbO3 estimated from Ref. [35] (blue stars)
and Ref. [36] (black squares). The green triangles correspond to the values
reported in our devices using HSQ as protective layer [51].
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5 Conclusions
In this contribution, we have demonstrated the generation of acousto-electric
currents in epitaxial graphene on SiC capped with a MgO/ZnO film. The 15
nm-thick MgO layer protects the EG during the sputtering of a thicker ZnO
film responsible for the efficient generation of surface acoustic waves. We have
demonstrated using Raman and electric characterization that the coating of
EG by the MgO/ZnO bilayer does not deteriorate its electronic properties,
measuring acousto-electric current densities of the order of 10−3 A/m. This is
one order of magnitude larger than the current densities previously reported
in similar devices using HSQ as protective layer. We attribute this enhance-
ment to the larger mobility of the EG coated by MgO with respect to the one
coated by HSQ. Our experimental results agree reasonably with the values
expected from the classical relaxation model of the acousto-electric interac-
tion. In addition, they are comparable to the current densities reported in
graphene transferred to strong piezoelectric substrates. This makes EG on
SiC a promising candidate for commercial applications of devices based on
the interaction between SAWs and graphene.
6 Acknowledgement
The authors acknowledge Manfred Ramsteiner for his suggestions, and Alexan-
der Kuznetsov for discussions. We thank Sander Rauwerdink and Hans-Peter
Scho¨nherr for assistance in sample processing. A.H.M. acknowledges financial
support by the Deutsche Forschungsgemeinschaft (DFG) within the Priority
Programme SPP 1459 Graphene. This publication is part of a project that
has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sk lodowska-Curie grant agreement
No 642688.
References
[1] Lord Rayleigh. On waves propagated along the plane surface of an elastic
solid. Proc. London Math. Soc., s1-17(1):4–11, 1885.
[2] S. Datta. Acoustic Surface Wave Devices. Prentice Hall, London, 1986.
20
[3] C. K. Campbell. Surface acoustic wave devices for mobile and wireless
communications. Academic Press, 1998.
[4] M. F. Lewis. Rayleigh-Wave Theory and Application, chapter On
Rayleigh waves and related propagating acoustic waves, pages 37–58.
Springer-Verlag, Berlin, 1985.
[5] C. Rocke, S. Zimmermann, A. Wixforth, J. P. Kotthaus, G. Bo¨hm, and
G. Weimann. Acoustically driven storage of light in a quantum well.
Phys. Rev. Lett., 78:4099, 1997.
[6] C. Wiele, F. Haake, C. Rocke, and A. Wixforth. Photon trains and
lasing: The periodically pumped quantum dot. Phys. Rev. A, 58:R2680,
1998.
[7] James A. H. Stotz, Rudolf Hey, Paulo V. Santos, and K. H. Ploog.
Coherent spin transport via dynamic quantum dots. Nat. Mater., 4:585,
2005.
[8] J. R. Gell, M. B. Ward, R. J. Young, R. M. Stevenson, P. Atkinson,
D. Anderson, G. A. C. Jones, D. A. Ritchie, and A. J. Shields. Modu-
lation of single quantum dot energy levels by a surface-acoustic-waves.
Appl. Phys. Lett., 93:081115, 2008.
[9] O. D. D. Couto, Jr., S. Lazic´, F. Iikawa, J. Stotz, R. Hey, and P. V.
Santos. Photon anti-bunching in acoustically pumped quantum dots.
Nat. Phot., 3:645, 2009.
[10] Sylvain Hermelin, Shintaro Takada, Michihisa Yamamoto, Seigo
Tarucha, Andreas D. Wieck, Laurent Saminadayar, Christopher
Bauerle, and Tristan Meunier. Electrons surfing on a sound wave
as a platform for quantum optics with flying electrons. Nature,
477(7365):435–438, September 2011.
[11] E. A. Cerda-Me´ndez, D. N. Krizhanovskii, M. Wouters, R. Bradley,
K. Biermann, K. Guda, R. Hey, P. V. Santos, D. Sarkar, and M. S.
Skolnick. Polariton condensation in dynamic acoustic lattices. Phys.
Rev. Lett., 105:116402, 2010.
21
[12] S. S. Lazic´, A. Violante, K. Cohen, R. Hey, R. Rapaport, and P. V.
Santos. Scalable interconnections for remote indirect exciton systems
based on acoustic transport. Phys. Rev. B, 89:085313, Feb 2014.
[13] Florian J. R. Schu¨lein, Kai Mu¨ller, Max Bichler, Gregor Koblmu¨ller,
Jonathan J. Finley, Achim Wixforth, and Hubert J. Krenner. Acousti-
cally regulated carrier injection into a single optically active quantum
dot. Phys. Rev. B, 88:085307, Aug 2013.
[14] Jo¨rg B. Kinzel, Daniel Rudolph, Max Bichler, Gerhard Abstreiter,
Jonathan J. Finley, Gregor Koblmu¨ller, Achim Wixforth, and Hubert J.
Krenner. Directional and dynamic modulation of the optical emission of
an individual GaAs nanowire using surface acoustic waves. Nano Lett.,
11(4):1512–1517, 2011.
[15] A. Herna´ndez-Mı´nguez, M. Mo¨ller, S. Breuer, C. Pfu¨ller, C. Somaschini,
S. Lazic´, O. Brandt, A. Garc´ıa-Cristo´bal, M. M. de Lima, A. Cantarero,
L. Geelhaar, H. Riechert, and P. V. Santos. Acoustically driven photon
antibunching in nanowires. Nano Lett., 12(1):252, 2012.
[16] M. E. Regler, H. J. Krenner, A. A. Green, M. C. Hersam, A. Wixforth,
and A. Hartschuh. Controlling exciton decay dynamics in semiconduct-
ing single-walled carbon nanotubes by surface acoustic waves. Chem
Phys, 413:39–44, FEB 21 2013.
[17] Matthias Wei, Jrg B. Kinzel, Florian J. R. Schlein, Michael Heigl, Daniel
Rudolph, Stefanie Morktter, Markus Dblinger, Max Bichler, Gerhard
Abstreiter, Jonathan J. Finley, Gregor Koblmller, Achim Wixforth, and
Hubert J. Krenner. Dynamic acoustic control of individual optically
active quantum dot-like emission centers in heterostructure nanowires.
Nano Letters, 14(5):2256, 2014.
[18] Jens Pustiowski, Kai Mller, Max Bichler, Gregor Koblmller, Jonathan J.
Finley, Achim Wixforth, and Hubert J. Krenner. Independent dynamic
acousto-mechanical and electrostatic control of individual quantum dots
in a linbo3-gaas hybrid. Applied Physics Letters, 106(1):013107, 2015.
[19] Edwin Preciado, Florian J.R. Schulein, Ariana E. Nguyen, David Bar-
roso, Miguel Isarraraz, Gretel von Son, I-Hsi Lu, Wladislaw Michailow,
22
Benjamin Moller, Velveth Klee, John Mann, Achim Wixforth, Lud-
wig Bartels, and Hubert J. Krenner. Scalable fabrication of a hybrid
field-effect and acousto-electric device by direct growth of monolayer
mos2/linbo3. Nat Commun, 6:–, October 2015.
[20] A. Wixforth, J. P. Kotthaus, and G. Weimann. Quantum oscillations
in the surface-acoustic-wave attenuation caused by a two-dimensional
electron system. Phys. Rev. Lett., 56:2104–2106, May 1986.
[21] A. Wixforth, J. Scriba, M. Wassermeier, J.P. Kotthaus, G. Weimann,
and W. Schlapp. Surface acoustic waves on GaAs/AlxGa1−xAs het-
erostructures. Phys. Rev. B, 40:7874, 1989.
[22] Steven H. Simon. Coupling of surface acoustic waves to a two-
dimensional electron gas. Phys. Rev. B, 54:13878–13884, Nov 1996.
[23] R. H. Parmenter. The acousto-electric effect. Phys. Rev., 89:990–998,
Mar 1953.
[24] A. Esslinger, A Wixforth, R. W. Winkler, and J. P. Kotthaus. Acousto-
electric study of localized states in the quantized hall effect. Sol. State
Comm., 84:939, 1992.
[25] V. I. Fal’ko, S. V. Meshkov, and S. V. Iordanskii. Acoustoelectric drag
effect in the two-dimensional electron gas at strong magnetic field. Phys.
Rev. B, 47:9910, 1993.
[26] J. M. Shilton, D. R. Mace, V. I. Talyanskii, M. Pepper, M. Y. Simmons,
A. C. Churchill, and D. A. Ritchie. Effect of spatial dispersion on acous-
toelectric current in a high-mobility two-dimensional electron gas. Phys.
Rev. B, 51:14770–14773, May 1995.
[27] J M Shilton, D R Mace, V I Talyanskii, M Y Simmons, M Pepper, A C
Churchill, and D A Ritchie. Experimental study of the acoustoelectric
effects in gaas-algaas heterostructures. Journal of Physics: Condensed
Matter, 7(39):7675, 1995.
[28] M. Rotter, A. Wixforth, W. Ruile, D. Bernklau, and H. Riechert. Giant
acoustoelectric effect in gaas/linbo[sub 3] hybrids. Appl. Phys. Lett.,
73(15):2128–2130, 1998.
23
[29] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov. Electric field effect in
atomically thin carbon films. Science, 306:666, 2004.
[30] Andrea C. Ferrari, Francesco Bonaccorso, Vladimir Fal’ko, Kon-
stantin S. Novoselov, Stephan Roche, Peter Boggild, Stefano Borini,
Frank H. L. Koppens, Vincenzo Palermo, Nicola Pugno, Jose A. Gar-
rido, Roman Sordan, Alberto Bianco, Laura Ballerini, Maurizio Prato,
Elefterios Lidorikis, Jani Kivioja, Claudio Marinelli, Tapani Ryha-
nen, Alberto Morpurgo, Jonathan N. Coleman, Valeria Nicolosi, Luigi
Colombo, Albert Fert, Mar Garcia-Hernandez, Adrian Bachtold, Gre-
gory F. Schneider, Francisco Guinea, Cees Dekker, Matteo Barbone,
Zhipei Sun, Costas Galiotis, Alexander N. Grigorenko, Gerasimos Kon-
stantatos, Andras Kis, Mikhail Katsnelson, Lieven Vandersypen, Annick
Loiseau, Vittorio Morandi, Daniel Neumaier, Emanuele Treossi, Vitto-
rio Pellegrini, Marco Polini, Alessandro Tredicucci, Gareth M. Williams,
Byung Hee Hong, Jong-Hyun Ahn, Jong Min Kim, Herbert Zirath,
Bart J. van Wees, Herre van der Zant, Luigi Occhipinti, Andrea Di Mat-
teo, Ian A. Kinloch, Thomas Seyller, Etienne Quesnel, Xinliang Feng,
Ken Teo, Nalin Rupesinghe, Pertti Hakonen, Simon R. T. Neil, Quentin
Tannock, Tomas Lofwander, and Jari Kinaret. Science and technol-
ogy roadmap for graphene, related two-dimensional crystals, and hybrid
systems. Nanoscale, 7:4598–4810, 2015.
[31] Peter Thalmeier, Bala´zs Do´ra, and Klaus Ziegler. Surface acoustic wave
propagation in graphene. Phys. Rev. B, 81(4):041409, Jan 2010.
[32] S. H. Zhang and W. Xu. Absorption of surface acoustic waves by
graphene. AIP ADVANCES, 1(2):022146, JUN 2011.
[33] Ju¨rgen Dietel and Hagen Kleinert. Transport in graphene superimposed
by a moving electrical superlattice potential. Phys. Rev. B, 86:115450,
Sep 2012.
[34] Ju¨rgen Schiefele, Jorge Pedro´s, Fernando Sols, Fernando Calle, and
Francisco Guinea. Coupling light into graphene plasmons through sur-
face acoustic waves. Phys. Rev. Lett., 111:237405, Dec 2013.
24
[35] V. Miseikis, J. E. Cunningham, K. Saeed, R. O’Rorke, and A. G.
Davies. Acoustically induced current flow in graphene. Appl. Phys.
Lett., 100(13):133105, 2012.
[36] L. Bandhu, L. M. Lawton, and G. R. Nash. Macroscopic acoustoelectric
charge transport in graphene. Appl. Phys. Lett., 103(13):133101, 2013.
[37] L. Bandhu and G. R. Nash. Temperature dependence of the acousto-
electric current in graphene. Applied Physics Letters, 105(26):263106,
2014.
[38] D. Roshchupkin, L. Ortega, I. Zizak, O. Plotitcyna, V. Matveev,
O. Kononenko, E. Emelin, A. Erko, K. Tynyshtykbayev, D. Irzhak, and
Z. Insepov. Surface acoustic wave propagation in graphene film. J. Appl.
Phys., 118:104901, 2015.
[39] Zeke Insepov, Kurbangali B. Tynyshtykbaev, Ardak Ainabayev, and
Anatoly F. Vyatkin. Acoustic-electric properties of graphene under the
influence of a surface acoustic waves and an external dc field. MRS
Advances, 1(20):14951500, 2016.
[40] T. Poole and G. R. Nash. Acoustoelectric current in graphene nanorib-
bons. Scientific Reports, 7:1767, 2017.
[41] A. S. Mayorov, N. Hunter, W. Muchenje, C. D. Wood, M. Rosamond,
E. H. Linfield, A. G. Davies, and J. E. Cunningham. Surface acoustic
wave generation and detection using graphene interdigitated transducers
on lithium niobate. Applied Physics Letters, 104(8):083509, 2014.
[42] Evgeny Emelin, H. D. Cho, Zeke Insepov, J. C. Lee, Tae Won Kang,
Gennady Panin, Dmitry Roshchupkin, and Kurbangali Tynyshtykbayev.
Sem imaging of acoustically stimulated charge transport in solids. Ap-
plied Physics Letters, 110(26):264103, 2017.
[43] Z. Insepov, E. Emelin, O. Kononenko, D. Roshchupkin, K. B. Tnyshtyk-
bayev, and K. A. Baigarin. Surface acoustic wave amplification by direct
current-voltage supplied to graphene film. Appl. Phys. Lett., 106:023505,
2015.
[44] R. Arsat, M. Breedon, M. Shafiei, P.G. Spizziri, S. Gilje, R.B. Kaner,
K. Kalantar-zadeh, and W. Wlodarski. Graphene-like nano-sheets for
25
surface acoustic wave gas sensor applications. Chem. Phys. Lett., 467(4-
6):344 – 347, 2009.
[45] Venkata S. Chivukula, Daumantas Ciplys, Jin Ho Kim, Romualdas
Rimeika, Jimmy M. Xu, and Michael S. Shur. Surface acoustic wave
response to optical absorption by graphene composite film. IEEE Trans.
Ultrason., Ferroelect., Freq. Contr., 59(2):265–270, FEB 2012.
[46] E. F. Whitehead, E. M. Chick, L. Bandhu, L. M. Lawton, and G. R.
Nash. Gas loading of graphene-quartz surface acoustic wave devices.
Appl. Phys. Lett., 103(6):063110, 2013.
[47] T. Poole, L. Bandhu, and G. R. Nash. Acoustoelectric photoresponse
in graphene. Applied Physics Letters, 106(13):133107, 2015.
[48] Claire Berger, Zhimin Song, Tianbo Li, Xuebin Li, Asmerom Y Og-
bazghi, Rui Feng, Zhenting Dai, Alexei N Marchenkov, Edward H Con-
rad, Phillip N First, and Walt A. de Heer. Ultrathin epitaxial graphite:
2D electron gas properties and a route toward graphene-based nanoelec-
tronics. J. Phys. Chem. B, 108:19912, 2004.
[49] Claire Berger, Zhimin Song, Xuebin Li, Xiaosong Wu, Nate Brown, Ccile
Naud, Didier Mayou, Tianbo Li, Joanna Hass, Alexei N. Marchenkov,
Edward H. Conrad, Phillip N. First, and Walt A. de Heer. Electronic
confinement and coherence in patterned epitaxial graphene. Science,
312(5777):1191–1196, 2006.
[50] P. V. Santos, T. Schumann, M. H. Oliveira, Jr., J. M. J. Lopes, and
H. Riechert. Acousto-electric transport in epitaxial monolayer graphene
on SiC. Appl. Phys. Lett., 102:221907, 2013.
[51] A. Herna´ndez-Mı´nguez, A. Tahraoui, J. M. J. Lopes, and P. V. Santos.
Acoustoelectric transport at gigahertz frequencies in coated epitaxial
graphene. Appl. Phys. Lett., 108:193502, 2016.
[52] Wei Han, K. Pi, K. M. McCreary, Yan Li, Jared J. I. Wong, A. G.
Swartz, and R. K. Kawakami. Tunneling spin injection into single layer
graphene. Phys. Rev. Lett., 105:167202, Oct 2010.
[53] F. Volmer, M. Dro¨geler, E. Maynicke, N. von den Driesch, M. L.
Boschen, G. Gu¨ntherodt, and B. Beschoten. Role of mgo barriers for spin
26
and charge transport in co/mgo/graphene nonlocal spin-valve devices.
Phys. Rev. B, 88:161405, Oct 2013.
[54] F. Volmer, M. Dro¨geler, E. Maynicke, N. von den Driesch, M. L.
Boschen, G. Gu¨ntherodt, C. Stampfer, and B. Beschoten. Suppres-
sion of contact-induced spin dephasing in graphene/mgo/co spin-valve
devices by successive oxygen treatments. Phys. Rev. B, 90:165403, Oct
2014.
[55] Marc Drgeler, Frank Volmer, Maik Wolter, Bernat Terrs, Kenji Watan-
abe, Takashi Taniguchi, Gernot Gntherodt, Christoph Stampfer, and
Bernd Beschoten. Nanosecond spin lifetimes in single- and few-layer
graphenehbn heterostructures at room temperature. Nano Letters,
14(11):6050–6055, 2014. PMID: 25291305.
[56] W. H. Wang, W. Han, K. Pi, K. M. McCreary, F. Miao, W. Bao,
C. N. Lau, and R. K. Kawakami. Growth of atomically smooth mgo
films on graphene by molecular beam epitaxy. Applied Physics Letters,
93(18):183107, 2008.
[57] Florian Godel, Emmanuelle Pichonat, Dominique Vignaud, Hicham Ma-
jjad, Dominik Metten, Yves Henry, Stphane Berciaud, Jean-Francois
Dayen, and David Halley. Epitaxy of mgo magnetic tunnel barriers on
epitaxial graphene. Nanotechnology, 24(47):475708, 2013.
[58] Konstantin V. Emtsev, Aaron Bostwick, Karsten Horn, Johannes Jobst,
Gary L. Kellogg, Lothar Ley, Jessica L. McChesney, Taisuke Ohta,
Sergey A. Reshanov, Jonas Rhrl, Eli Rotenberg, Andreas K. Schmid,
Daniel Waldmann, Heiko B.Weber, and Thomas Seyller. Towards wafer-
size graphene layers by atmospheric pressure graphitization of silicon
carbide. Nat. Mater., 8:203, 2009.
[59] M. H. Oliveira, Jr., T. Schumann, M. Ramsteiner, J. M. J. Lopes, and
H. Riechert. Influence of the silicon carbide surface morphology on the
epitaxial graphene formation. Appl. Phys. Lett., 99(11):111901, 2011.
[60] I. S. Didenko, F. S. Hickernell, and N. F. Naumenko. The experimental
and theoretical characterization of the saw propagation properties for
zinc oxide films on silicon carbide. IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control, 47:179, 2000.
27
[61] L.M. Malard, M.A. Pimenta, G. Dresselhaus, and M.S. Dresselhaus.
Raman spectroscopy in graphene. Physics Reports, 473(5-6):51 – 87,
2009.
[62] F. Fromm, M. H. Oliveira Jr, A. Molina-Sa´nchez, M. Hundhausen,
J. M. J. Lopes, H. Riechert, L. Wirtz, and T. Seyller. Contribution of the
buffer layer to the raman spectrum of epitaxial graphene on SiC(0001).
New J Phys, 15:043031, 2013.
[63] Phillip N. First, Walt A. de Heer, Thomas Seyller, Claire Berger,
Joseph A. Stroscio, and Jeong-Sun Moon. Epitaxial graphenes on silicon
carbide. MRS Bulletin, 35(4):296305, 2010.
[64] T. Hanada. Basic Properties of ZnO, GaN and Related Materials.
Springer, 2009.
[65] Johannes Jobst, Daniel Waldmann, Florian Speck, Roland Hirner, Dun-
can K. Maude, Thomas Seyller, and Heiko B. Weber. Quantum oscil-
lations and quantum hall effect in epitaxial graphene. Phys. Rev. B,
81:195434, May 2010.
[66] F. Speck, J. Jobst, F. Fromm, M. Ostler, D. Waldmann, M. Hund-
hausen, H. B. Weber, and Th. Seyller. The quasi-free-standing nature
of graphene on h-saturated sic(0001). Appl. Phys. Lett, 99:122106, 2011.
[67] P. Dular and C. Geuzaine. GetDP reference manual: the documentation
for GetDP, a general environment for the treatment of discrete problems.
http://www.geuz.org/getdp/.
[68] Christophe Geuzaine and Jean-Francois Remacle. Gmsh: a three-
dimensional finite element mesh generator with built-in pre- and post-
processing facilities. Int. J. Numer. Meth. Engng, page 1, 2009.
[69] P. Boucher, S. Rauwerdink, A. Tahraoui, C. Wenger, Y. Yamamoto, and
P. V. Santos. Gigahertz acoustic ring waveguides on silicon. Appl. Phys.
Lett., 105:161904, 2014.
28
